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Collective effects in atom-light interaction is of great importance for cold-atom-based quantum
devices or fundamental studies on light transport in complex media. Here we discuss and compare
three different approaches to light scattering by dilute cold atomic ensembles. The first approach is
a coupled-dipole model, valid at low intensity, which includes cooperative effects, like superradiance,
and other coherent properties. The second one is a random-walk model, which includes classical
multiple scattering and neglects coherence effects. The third approach is a crude approximation
only based on the attenuation of the excitation beam inside the medium, the so-called “shadow
effect”. We show that in the case of a low-density sample, the random walk approach is an excellent
approximation for steady-state light scattering, and that the shadow effect surprisingly gives rather
accurate results at least up to optical depths on the order of 15.
I. INTRODUCTION
Laser-cooled atomic samples are one of the main tools
of fundamental research in atomic physics nowadays [1–
3]. They can serve, for instance, as toy models to develop
or tests ideas and concepts for quantum information or to
study condensed-matter phenomena in new regimes. In
the recent years they have also become used in practical
applications such as clocks, gravity sensors, etc.
For many of these applications, having more atoms
in the sample allows increasing the signal-to-noise ra-
tio. However large densities or large optical depths come
along with potential new systematic effects. In particu-
lar, it has been recognized as early as 2004 that collective
shifts due to the dipole-dipole interaction between atoms
might become a limitation for atomic clocks [4]. More
generally, many applications of cold atoms involve their
interaction with optical fields and it is thus of funda-
mental importance to understand the collective effects in
light-atom interactions.
There has been a lot of research on this topic in
the recent years, especially in the weak-intensity regime
(linear-optics or single-photon regime); see, for example,
the reviews [5, 6]. Among the most important results,
one can mention the difficulty of understanding the ob-
served spectrum (shift and line shape) of light transmit-
ted through dense clouds (see [7] and references therein)
and the observation of super- and subradiance in the de-
cay dynamics of light in dilute clouds [8–12].
Several experiments have also been performed in a
simpler situation, dealing with steady-state scattering
from dilute and large clouds [13–16], and those experi-
ments have been interpreted in various ways, depending
on which theoretical model was used for comparison.
In this article we would like to discuss and compare
three possible approaches to describe this kind of exper-
iments on steady-state “incoherent” scattering, i.e., off-
axis scattering (out of the forward, coherent, transmit-
ted beam). The first model is the coupled-dipole (CD)
model, which has been heavily used in the context of
cooperative scattering [17–23]. In this model the atomic
dipoles form collective modes due to the dipole-dipole
interaction mediated by light. Its strong advantage is
that it is very complete, but this is also a drawback: it
does not help much to understand the physics. We will
thus compare this model with a “random walk” (RW)
model, which considers photons bouncing from an atom
to atom until leaving the sample. In this picture atoms
are independent and only provide some scattering prob-
ability. We obtain that in the situation of linear optics,
low density, steady-state off-axis scattering, this model is
excellent. A preliminary comparison between these two
models has been presented in [15]. The main difference
from work [15] is that we take into account the vector na-
ture of electromagnetic radiation and the Zeeman struc-
ture of atomic states with a J = 0 → J = 1 transition.
This allows us to conduct a more detailed comparison, in-
cluding, in particular, the polarization properties of the
scattered radiation, as well as its angular distribution.
The good agreement between the results obtained in the
CD and RW methods can serve as an additional justifi-
cation for the latter, especially taking into account the
polarization properties of light.
Finally we will also discuss a simple approach based
on Beer-Lambert law, that is able to compute the total
amount of scattered light (in all directions). Surprisingly,
even if the scattered light is observed in one particular
direction, this simple approach can provide quite accu-
rate results up to moderate optical depth on the order of
15, with only a global free multiplicative factor for the
intensity scale. This approach has already been used to
explain recent experiments on the collective reduction of
the radiation pressure force [15, 24], on off-axis scattering
by very elongated clouds [16], and might also explain the
effect reported in Ref. [25]. In this work we analyze the
applicability of this method in a wide range of param-
eters – scattering angles, frequencies of the probe light,
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II. DESCRIPTION OF THE MODELS
A. Coupled-dipole equations
The coupled-dipole model has been widely used in the
last years in the context of single-photon superradiance
and subradiance [8–10, 18, 19, 22, 23]. It considers N
two-level atoms (ground state with the total angular mo-
mentum Jg = 0, and degenerate excited state Je = 1
with m ≡ Jz = −1, 0, 1 ) at random positions ri driven
by an incident laser (Rabi frequency Ω(r), detuning ∆).
Restricting the Hilbert space to the subspace spanned
by the ground state of the atoms |G〉 = |g · · · g〉 and the
singly-excited states |i〉 = |g · · · eim · · · g〉 and tracing over
the photon degrees of freedom, one obtains an effective
Hamiltonian describing the time evolution of the atomic
wave function |ψ(t)〉,
|ψ(t)〉 = α(t)|G〉+
N∑
i=1
∑
m
βeim(t)|i〉 . (1)
Considering the low intensity limit, when atoms are
mainly in their ground states, i.e. α ' 1, the problem
amounts to determine the amplitudes βeim , which are
then given by the linear system of coupled equations
β˙eim =
(
i∆− Γ
2
)
βeim−
iΩeim
2
+
iΓ
2
∑
j 6=i
∑
m′
Veimejm′βejm′ .
(2)
These equations are the same as those describing N clas-
sical dipoles driven by an oscillating electric field [18].
The first term on the right hand side corresponds to
the natural evolution of independent dipoles (with Γ the
linewidth of the transition), the second one to the driv-
ing by the external laser, the last term corresponds to the
dipole-dipole interaction and is responsible for all collec-
tive effects. It reads
Veimejm′ = −
2
Γ
∑
µ,ν
dµeimgid
ν
gjem′ j
eik0rij
~r3ij
×
{
δµν
[
1− ik0rij − (k0rij)2
]
− r
µ
ijr
ν
ij
r2ij
[
3− 3ik0rij − (k0rij)2
]}
. (3)
Here deimgi is the dipole moment operator of the transi-
tion g → em of the atom i, rij = ri − rj , rij = |ri − rj |
and k0 = ω0/c is the wavevector associated to the transi-
tion, with c the vacuum speed of light. The superscripts
µ or ν denote projections of vectors on one of the axes
µ, ν = x, y, z of the reference frame.
From the computed values of βeim , we can derive the
intensity Iα(Ω, t) of the light polarization component α
radiated by the cloud in a unit solid angle around an ar-
bitrary direction given by the wave vector k of scattered
light (Ω = θ, ϕ). For the steady state case it can be
determined as follows [26]:
Iα(Ω) =
c
4pi
∣∣∣∣∣∣k20
∑
i,m
(u∗αdgieim)βeim exp (−ikri)
∣∣∣∣∣∣
2
. (4)
Here uα is the unit polarization vector of the scattered
light.
The advantage of the CD model is that it is very com-
plete, as it includes diffraction/refraction/attenuation ef-
fects due to the complex index of refraction, multiple
scattering including coherence effects such as coherent
backscattering (CBS), and super/sub-radiance. However
it is computationally limited to a few thousand atoms,
although a technic has been proposed to overcome this
limitation [27]. It can be readily applied to experiments
involving a very small number of atoms, like the ones of
Ref. [7], otherwise the parameters have to be scaled in an
appropriate way [28], which depends on the physics. It is
thus important to know if the studied phenomena depend
on the atomic density, on the resonant optical thickness,
or on something else [5]. Another limitation is that it
is rather difficult to extend this approach to multilevel
systems, even if there has been recently some progress in
that direction [29–32].
As the CD model is very complete, it does not always
allow identifying the most relevant physical interpreta-
tion of the observations. It is thus useful to make com-
parisons with other models, in which some physical in-
gredients are neglected.
B. Random walk model
The RW model provides such a possibility. This model
is based on a “photon” picture (although no quantized
optical field is required) propagating inside the atomic
cloud. Coherent effects such as diffraction or refraction
inside the cloud are neglected, as well as super- and sub-
radiance. The atoms only provide scattering, character-
ized by a local mean-free path, depending on the density
distribution and the atomic cross-section. This model is
appropriate to compute average “incoherent” scattering,
where here incoherent means that the phase is random-
ized by the configuration averaging, which is true in all di-
rections except the forward one (coherent transmission).
The scattering can still be elastic and keep the phase in-
formation along the path, and one can even recover the
coherent back scattering cone [33, 34].
There are two possible methods for simulating this ran-
dom walk model, with different advantages and draw-
backs from a numerical point of view, but they contain
the same physics.
The first one is to use stochastic simulations [35] in
which the fate of a photon is followed until it escapes the
3medium. At each scattering a random direction is drawn
as well as a step length depending on the atomic den-
sity distribution and scattering cross-section. Averaging
over many photons is then performed. Such simulations
have been used in many previous work, for steady-state
scattering [13, 15, 36] and temporal dynamics (radiation
trapping) [12, 37–39]. This method allows one to take
into account the frequency redistribution induced by the
temperature and one does not need to truncate the num-
ber of scattering orders.
Another method of implementation is different types
of diagram techniques for nonequilibrium systems, as de-
scribed in Refs. [33, 40] (for more details see also the re-
view [6]). This approach, which we use in the following,
allows us to obtain an explicit expression for the scat-
tered light intensity Iα(Ω) in the form of a series over
the number of incoherent scattering events:
Iα(Ω) =
∑
s
I(s)α (Ω) . (5)
Each term of this series is the multiple integral over co-
ordinates (and velocities for moving atoms) of the atoms
forming the corresponding atomic chain. As example we
show below the contribution of double incoherent scat-
tering
I(2)α (Ω) =
ck80
4pi
∫ ∫
d3r1d
3r2
ρ(r1)ρ(r2)
|r1 − r2|2
× (6)∣∣∣∣∣∣
∑
β,γ,δ,µ,ν
Xαβ(r, r2, ω)χβγ(ω)Xγδ(r2, r1, ω)×
χδµ(ω)Xµν(r1, r0,ω)uνE0|2 .
This expression has a fairly clear physical meaning. The
function Xµν(r1, r0, ω) describes the propagation of light
from the source r0 to the point r1 where the first inco-
herent scattering event takes place. The explicit form
of this function is determined by the processes of coher-
ent forward scattering in an optically dense but isotropic
medium [6, 33, 40]
Xµν(r1, r0, ω) = δµν exp
(
− ib0(r1, r0)
2
Γ/2
ω − ω0 + iΓ/2
)
,(7)
where the resonant optical depth of the inhomogeneous
medium between any arbitrary points r1 and r2 is
b0(r2, r1) = σ0
∫ r2
r1
ρ(r)ds. (8)
Here σ0 = 6pi/k
2 is the resonant cross-section for the
considered case of a J = 0 ↔ J = 1 transition and ρ(r)
is the local atomic density.
At point r1 the light undergoes incoherent scattering.
Its propagation direction changes and its polarization
also can change. This process is depicted by the scat-
tering amplitude
χδµ(ω) = −
∑
m
(dδ)gem (dµ)emg
~(ω − ω0) + i~Γ/2 . (9)
Then the photon propagates toward point r2 [func-
tion Xγδ(r2, r1, ω)/ |r1 − r2|] and after the second in-
coherent scattering [χβγ(ω)] is sent to photodetector
[Xαβ(r, ra, ω)], whose position r is determined by direc-
tion Ω. Integration over r1 and r2 with weight ρ(r1)ρ(r2)
takes into account all possible acts of double incoherent
scattering.
The contributions of higher scattering orders will con-
tain higher order integrals, whose integrands will addi-
tionally contain factors corresponding to scattering am-
plitudes χii′(ω) and photon propagators Xjj′(...). The
computation of multiple integrals for each scattering or-
der is performed using statistical Monte-Carlo methods.
The total number of items that should be taken into ac-
count in the sum (5) depends on the optical depth of the
atomic clouds and is determined every time in the calcu-
lation process. Usually this number is twice as big as the
optical depth.
As a conclusion of this section we note that the con-
tributions like (6) correspond to the so-called ladder dia-
grams and does not take into account interference under
multiple scattering in optically thick ensembles. This in-
terference can be included by taking into account the
contribution of cross diagrams [6, 33, 40]. However in the
case of dilute media, which we consider here, it influ-
ences the light intensity only in a narrow cone near the
backward scattering direction (CBS effect).
These two methods for implementing the RW model
can be shown to be strictly equivalent. The difference
is only in the computational features of each method,
namely in the way of simulating the random walk of pho-
ton in the medium. In the first method, the number of
scattering events experienced by a given photon as well
as its escape direction and its polarization are random
quantities. With the second method we consider scat-
tering of different orders separately and we can calculate
scattering in a given polarization channel and in a given
direction. Moreover we can use the so-called “essential
sample” method as part of the Monte Carlo procedure.
All these advantages of the second method can signifi-
cantly reduce the computation time. For these reasons
in the present work all calculations using the RW model
are performed by means of the second method.
C. Beer-Lambert law
The two previous models are very versatile as they can
be used in various situations, including temporal dynam-
ics [12] and fluctuations [36]. However, as far as steady-
state scattering is concerned, it is sometimes useful to
make use of the obvious result that the total scattered
light equals the amount of light removed from the driv-
ing beam. This attenuation can be computed from Beer-
Lambert law,
IT(x, y)
I0(x, y)
= exp
[
−σsc
∫
ρ(x, y, z)dz
]
, (10)
4where I0, IT are the incident and transmitted intensi-
ties, the driving beam propagates along z, ρ(x, y, z) is
the atomic density distribution and σsc is the scattering
cross-section. The argument of the exponential is called
the optical depth. A usual density distribution is a Gaus-
sian with rms radius R along z, which gives an optical
depth
b(x, y) = σsc
∞∫
−∞
ρ(x, y, 0) exp(−z2/2R2)dz
=
√
2piρ(x, y, 0)σscR .
(11)
If the initial beam profile also has a simple intensity
distribution, one can integrate over the transverse direc-
tions to get the total transmission, and thus the total
attenuation, which is also the total scattered light. For
instance, supposing the incoming beam to be a plane
wave and the atomic cloud to be a Gaussian sphere (rms
size R in all directions, peak density ρ0, peak optical
depth b =
√
2piρ0σscR), one obtains (see [16, 24]) that
the total scattering cross-section of the cloud is
Σsc = Nσsc × Ein(b)
b
, (12)
where N is the atom number and Ein is the integer func-
tion [41]
Ein(b) =
∫ b
0
1− e−x
x
dx
= b
[
1 +
∞∑
n=1
(−b)n
(n+ 1)(n+ 1)!
]
.
(13)
The factor Ein(b)/b in Eq. (12) corresponds to the de-
viation from single-atom physics. In the limit of van-
ishing optical depth b, the value expected from single
atom physics is recovered, Σsc = Nσsc. For high optical
depth, the cross-section increases only logarithmically,
which appears as a collective saturation of the scattered
light. This saturation comes from the fact that the atoms
in the back of the cloud are less illuminated due to the ex-
tinction of the light caused by the destructive interference
between the incident and the scattered fields (“shadow
effect”) [5, 15, 16, 24].
This result tells nothing about the angular distribution
of the scattered light, but it is an excellent approximation
for the total scattered light. It only neglects refraction
and diffraction effects, which could have an impact for
very small clouds [7]. It also neglects the forward coher-
ent lobe [10, 42, 43], which actually is diffracted/refracted
light (this light is also responsible for the extinction para-
dox [44]). The Beer-Lambert result for the total intensity
is equivalent to integrating in all directions the scattered
intensity computed from the RW model.
Since the emission diagram of the cloud is not included
in this approach, it might seem useless for measurements
performed in a given direction. For instance, let’s take
a slab: as the optical depth increases and reach high
values, the diffuse transmission tends to zero while the
diffuse reflection goes to one [13]. Nevertheless, in many
experiments the range of explored optical depth is not
very large, and the geometry of the cloud not so dras-
tic. For instance, with a Gaussian cloud illuminated by
a plane wave, the optical depth goes smoothly to zero
on the edges, and those edges usually contribute signif-
icantly to the experimental signal. As a consequence,
the variation of the emission diagram with the optical
depth is not so pronounced, and the scaling provided by
Eq. (12) can still be a good approximation, provided a
reference point to set the intensity scale.
III. COMPARISONS AND DISCUSSION
In this section we show several comparisons between
the three approaches. We will first compare the coupled-
dipole and the random walk models in the case of a sim-
ple atomic structure. We will see that the agreement is
excellent, which gives us confidence to assume the appli-
cability of RW methods for atoms with a more complex
level structure, as also demonstrated in the context of
CBS [33]. Then we will compare the RW to the Beer-
Lambert results.
A. Coupled dipoles and random walk
We start by showing in Fig. 1 the emission diagram
(scattered intensity as a function of the angle) computed
for different optical depths b with the vectorial CD model
and the RW simulations including the polarization (we
suppose a J = 0→ J = 1 atomic transition and take into
account the corresponding emission diagram of each scat-
terer). The two panels show the results for the orthogonal
and parallel helicity channels. Here the RW simulations
do not include the crossed diagrams, as a consequence the
coherent back scattering cone and the coherent forward
lobe are not present in the RW results. Apart from those
two specific directions, the agreement between the two
models is excellent. The difference between the curves
is comparable with the errors of the computational pro-
cedures caused by the use of Monte Carlo methods, as
well as the limitation of the number of considered or-
ders of multiple scattering in the RW model. We have
also checked that the agreement is as good in other po-
larization channels. This is thus a generalization, in the
vectorial case, of the comparison already made in [15].
Let us now turn to the spectrum. In Fig. 2 we com-
pare the scattering spectrum for CD and RW simula-
tions, with a given density and a given optical depth
(dilute regime), for different scattering angles. Here also
the agreement is excellent, the observed difference being
compatible with the computational precision.
In Fig. 3 we explore the density dependence, but we
keep a low density, i.e. ρk−3  1. Here the size of the
5h    h h || h
FIG. 1. Emission diagram computed with the coupled dipole (CD) and random walk (RW) models, for the orthogonal (a)
and parallel (b) helicity channels, for several optical depths b. The laser is on resonance. The atomic density has a spherical
Gaussian distribution of rms size kR = 50. The agreement is excellent except in the forward scattering lobe and in the CBS
cone. Averaging in CD calculation is performed over at least 104 different atomic configurations for each curve. The total
number of random walks is 2× 106.
FIG. 2. Spectrum for several scattering angles, computed
with the CD and RW models. The resonant optical depth is
b0 = 5 and the atomic sample is still Gaussian with kR =
50. Averaging in CD calculation is performed over at least
5 × 104 different atomic configurations for each curve. The
total number of random walks is 2× 106.
atomic sample is fixed (kR = 10) so the density is varied
by changing the atom number, which also changes the
optical depth. Up to ρk−3 = 0.05 we do not observe any
significant difference between the two models.
From the three previous figures we conclude that at
low density and for off-axis scattering, the two models
give the same results. Note that in the absence of any
temperature-induced frequency redistribution, the only
relevant parameter in the RW model is the optical depth,
b(∆) =
b0
1 + 4∆2/Γ2
, (14)
where the resonant optical depth (for a Gaussian sam-
ple) is b0 =
√
2piρ0σ0R = 3N/(kR)
2 and the resonant
scattering cross-section is σ0 = 3λ
2/(2pi) = 6pi/k2. As a
FIG. 3. Scattered intensity as a function of the density (the
optical depth also varies). The scattering angle is θ = pi/3,
the polarization channel is h ‖ h, the size of the sample is
kR = 10, the laser is at resonance. In this range of density
(dilute cloud), no significant difference is visible between the
CD and the RW models. The curves were averaged as in
Fig. 1.
consequence, in an experiment where several parameters
can be varied (size, atom number, detuning), it is gener-
ally relevant to plot the experimental data as a function
of the optical depth [16].
However we expect some discrepancies to appear at
high densities, where refractive index effects and various
collective shifts appear [7, 43, 45–48]. The precise study
of these effects is beyond the scope of this paper.
B. Random walk and Beer-Lambert
Since the RW model has been validated in the previous
section, we now only compare the RW to the “shadow
6θ = π/2 θ = 5π/6
(a) (b)
FIG. 4. Scattering spectrum at θ = pi/2 (a) and θ = 5pi/6 (b) computed with the RW and the shadow approximation, for
several optical depths. The probe beam is circularly polarized and the cloud size is kR = 200. What is plotted is the total
intensity (summed over the polarizations). The results of the shadow model has been renormalized so that it coincides with
RW calculations for ∆ = 0. The number of different RWs is 2 × 106. The agreement is perfect for θ = pi/2. The agreement
is not as good for b0 = 10 and θ = 5pi/6 due to the anisotropy of the emission diagram at large optical depth due to multiple
scattering. This effect, which increases the scattered intensity near the backward direction, is included in the RW model and
not in the shadow effect.
effect” (“Sh” in figures) computed by Beer-Lambert law
[Eq. (12)]. We also make use of the possibilities to include
a complicated level structure in the RW model: all results
in this section were obtained for a F = 2 → F = 3
transition with a statistical equipopulated mixture of the
Zeeman ground states, typical of 87Rb experiments. Note
that the two models yield results that only depend on
the optical depth. However Eq. (12) only allows us to
compute the total scattered light and not the radiation
pattern. The purpose of this section is to see if it can
still give useful results for scattered light detected in one
particular direction.
For very low optical depths, multiple scattering is neg-
ligible and the emission diagram of the whole cloud is the
same as the one of a single atom (e.g., isotropic in the
scalar model), so the knowledge of the total cross-section
is enough to compute the scattering in any direction.
For larger optical depths, the emission diagram is mod-
ified due to multiple scattering, with more light scattered
in the backward directions and less light able to cross the
sample [13]. However, for a Gaussian cloud, the differ-
ence appears slowly with the peak optical depth.
A first illustration is provided in Fig. 4, where two spec-
tra are shown, one at θ = pi/2 (panel a) and one near
the backward direction (θ = 5pi/6, panel b), for optical
depths up to 10. The curves computed with the shadow
effect have been vertically scaled to match the RW results
on resonance. One can see that at θ = pi/2 the agree-
ment is perfect. In the backward direction, there is only
a slight discrepancy at large b. The difference in total
width of the two curves for b = 10 is about 10%, which is
comparable with typical experimental uncertainties [16].
Actually as the detuning is varied over the spectrum,
the optical depth varies between its maximum on reso-
nance and almost zero. The remarkable result is that the
variation of the emission diagram is not big enough to
FIG. 5. Scattering spectrum computed for a F = 2→ F ′ = 3
transition and for different helicity channels. The scattering
angle is θ = pi/3 and the resonant optical depth is b0 = 5.
The number of different RWs is 2 × 106. The results of the
shadow model has been renormalized so that it coincides with
RW calculations for ∆ = 0.
significantly distort the spectrum line shape. Note that
the two models would give identical results in the wings
of the spectrum if one used a correct normalization, be-
cause there the optical depth is low. We also believe it
would match experimental data without any free parame-
ter if one could precisely calibrate the amount of detected
light, accounting for the solid angle of the detection, the
quantum efficiency of the detectors, etc.
The figure 5 illustrates the same result, but we now ad-
dress the polarization dependence. The scattering angle
is θ = pi/3. With such an intermediate angle, a complex
level scheme and the effect of multiple scattering near
resonance (which randomizes the polarization), it is hard
to have an intuitive prediction of the evolution of the
7FIG. 6. Scattered light (summed over all polarizations) as a
function of the optical depth for different scattering angles,
computed with the RW and the shadow effect. The number of
different RWs is 2×106. The results of the shadow model has
been renormalized so that it coincides with RW calculations
for b = 7.
emission diagram when the optical depth increases. The
result of the comparison is that, still with a free multi-
plicative factor, the shadow effect gives very good results
in the parallel helicity channel and fair results in the or-
thogonal one. Given the complexity of the RW model
(with polarization and atomic levels), one can consider
the Beer-Lambert method to be useful in obtaining quick
and easy, but still accurate, results.
Finally, we plot in Fig. 6 the scattered light at 3 dif-
ferent angles as a function of the optical depth b, from
b = 0.5 to b = 15. As previously, a free multiplicative
factor is used to scale the data from the shadow effect.
At θ = pi/2, the agreement with the RW model is ex-
cellent. At large b, fewer photons are scattered near the
forward direction, so the shadow method overestimates
the amount of scattering (curves at θ = pi/3), and the
opposite happens near the backward direction (curves at
θ = 5pi/6). Nevertheless, over the whole range of optical
depth, the discrepancies are rather small.
IV. CONCLUSION
To summarize, we have extended the work of [15, 16]
by performing quantitative comparisons between the
coupled-dipole model, a random walk approach that ne-
glects coherent effects, and a very simple approxima-
tion, Beer-Lambert law, which allows computing the to-
tal scattered light. We considered only the simplest case
of low density, large cloud, and off-axis scattering. We
have obtained that in this situation, the RW model is
in perfect agreement with the coupled-dipole model, and
the Beer-Lambert law provides quite accurate results, at
least up to resonant optical depths of 15, which is sur-
prisingly good.
In this paper, we examined densities up to 0.05 in di-
mensionless units (i.e. in unit of k3). For a wavelength
of 780 nm in absolute units, this corresponds to approx-
imately 2.6 × 1013 cm−3. This is high enough for meso-
scopic ensembles of cold atoms. Thus, our calculation
shows that the RW method is quite good in a wide range
of densities.
For future works, it would be interesting to ex-
tend these comparisons, especially between the CD and
RW models, at higher density. Obviously the two
models should give different results because of finite
size/diffraction/refraction effects, but also because the
scattering properties may be changed due to near-field
coupling between atoms and effects of recurrent scat-
tering, whose role increases as the density of atoms in-
creases. An adaptation of the RW model, following the
works of Refs. [49, 50], might be able to restore the agree-
ment. The CD model could therefore serve as a bench-
mark for new approaches to multiple scattering of light
in dense samples.
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